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We report total-energy electronic structure calculations that provide energetics of encapsulation of various
fullerenes in carbon nanotubes and electronic structures of resulting carbon peapods. We find that the electron
states of the peapods depend on the space in the nanotubes and that they reflect electron states of the encap-
sulated fullerenes. The deep energy position of the lowest unoccupied state of fullerenes as well as hybridiza-
tion between p states of the fullerenes and the nearly free-electron states of the nanotubes causes a multicarrier
character in the peapods.
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~carbon nanotubes! discovered in 1991 ~Ref. 1! are known to
exhibit a rich variety in their electronic structures:2,3 For in-
stance, the nanotube with chiral index (n ,m) is a metal when
un2mu is a multiple of three, whereas they are semiconduct-
ing otherwise. The peculiar electronic property is due to an
additional boundary condition imposed on electron states of
a graphite sheet, which is rolled into each nanotube. On the
other hand, the nanotube is fascinating as a host material to
induce various kinds of complexes by containing atoms or
molecules inside or outside.4–7 Carbon nanotubes interca-
lated with alkaline or hydrogen atoms have been synthesized
and are now attracting much attention not only in their inter-
esting physical properties but also in industrial applications.
Recently high resolution transmission electron microscope
~TEM! images clearly showed the encapsulation of C60s in
nanotubes.8–12 In addition to C60 , larger fullerenes,13 e.g.,
C70 , C78 , C80 , and C84 , and metallofullerenes,14 e.g.,
Gd@C82 and Sc2C84 , were also found to be encapsulated in
nanotubes. These unusual nanometer-scale carbon networks
are now called ‘‘carbon peapods’’ of which structures are
characterized by an interesting combination of one- and zero-
dimensional constituent units, i.e., carbon nanotubes and
fullerenes. The peapods are thus regarded as hierarchical sol-
ids with mixed dimensionality.
The spaces inside the nanotubes or between them are
known to be utilized for a container of atoms and molecules.
Yet the space not only works as a container but also controls
electron states in those materials. The space induces the pe-
culiar delocalized electron states, which is located below a
vacuum level and distributed not near atomic sites but in the
space, and is of nearly free electron ~NFE! character.15,16 The
NFE states play crucial roles for the intercalation of atoms
and control the electron states near the Fermi level (EF) of
nanotubes.15,17 In graphite there is a counterpart named as an
interlayer state, and it is important to consider excitation
spectrum.18–20 In the peapods, owing to hybridization be-
tween p states of C60 and the NFE states of the nanotube, a
C60@(10,10) peapod was found to be a metal with multicar-
riers each of which distributes either along the nanotube or
on the C60 chain.21 The results have indicated that the encap-
sulation of fullerenes within the nanotubes controls the elec-
tron states near EF of resultant materials.0163-1829/2003/67~20!/205411~5!/$20.00 67 2054We here report total-energy calculations performed for
one-dimensional chains of C60, which are encapsulated in
armchair nanotubes. We take (n ,n) nanotubes (n59, 10, 11,
12, and 13! and clarify energetics and electronic structures of
the C60-peapods. Based on the results, we give the quantita-
tive analysis for the energy shift of p electron states of the
C60 encapsulated in the (n ,n) armchair nanotubes, and
clarify the correlation between the energy shift and the inter-
unit spacing. Furthermore, we also study the electronic struc-
tures of the peapods consisting of the fullerenes (C70 and
C78), since the C70 peapod and C78 peapod are indeed syn-
thesized recently.13 We have found that the electron states
near EF of the peapods depend crucially on the interwall
spacing between fullerenes and nanotubes, and that the size
and shapes of the encapsulated fullerenes add important va-
riety to the electronic structures of the peapods.
All calculations have been performed using the local-
density approximation ~LDA! in the density-functional
theory.22,23 For the exchange-correlation energy among elec-
trons, we use a functional form24 fitted to the Monte Carlo
results for the homogeneous electron gas.25 Norm-
conserving pseudopotentials generated by using the
Troullier-Martins scheme are adopted to describe the
electron-ion interaction.26,27 In constructing the pseudopoten-
tials, core radii adopted for C 2s and 2p states are both 1.5
Bohrs. The valence wave functions are expanded by the
plane-wave basis set with a cutoff energy of 50 Ry, which is
known to give enough convergence of total energy to discuss
the relative stability of various carbon phases.26 We carry out
the calculation for (n ,n) nanotubes (10<n<13) in this pa-
per. We adopt a supercell model in which a peapod is placed
with its nanotube wall being separated by 6.5 Å from another
wall of an adjacent peapod. The conjugate-gradient minimi-
zation scheme is utilized both for the electronic-structure cal-
culation and for the geometry optimization.28 In the geom-
etry optimization, we impose a commensurability condition
between the one-dimensional periodicity of the nanotube and
that of the chain of C60s. Consequently, the lattice parameter
c becomes 9.824 Å along the tube direction which corre-
sponds to the quadruple of the periodicity of the armchair
nanotube. Integration over one-dimensional Brillouin zone is
carried out using the two k points.©2003 The American Physical Society11-1
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tube radii. The stability is evaluated by calculating the en-
ergy difference in the following reaction:
~n ,n !tube1C60→C60@~n ,n !2DE .
Figure 1 shows the energy DE of the C60-peapods as a func-
tion of the tube radius. It is found that the reaction is exo-
thermic for all tubes calculated here except ~9,9!. The reac-
tion for the ~10,10! tube is found to be the most favorable
among the tubes studied here; the energy DE is 21.73 eV
per C60 . The optimized value of interwall spacing between
the C60 and the ~10,10! nanotubes is 3.31 Å, which is close to
the interlayer spacing of the graphite. On the other hand, the
energy DE gradually approaches zero by increasing the tube
radius. This is due to that C60s are located at the center of the
nanotubes. However, it is expected that C60s may be located
near the wall of the nanotube with an appropriate wall-C60
distance of about 3 Å for the thick nanotubes. Indeed, the
total-energy calculations clearly show that the optimum po-
sition of C60 in the ~12,12! nanotube is dislodged from the
center of the nanotube by 1.6 Å ~Fig. 2!. In this case, the
interwall distance between C60 and the nanotube is about 3.1
FIG. 1. Reaction energies DE ~see text! per C60 in the encapsu-
lation reaction for the ~9,9!, ~10,10!, ~11,11!, ~12,12!, and ~13,13!
armchair nanotubes ~solid squares! Ref. 29. The value for
C60@(9,9) is from Ref. 21. The reaction energy for C60@(13,13) is
computed with the 40-Ry cutoff energy for the basis set. Reaction
energy DE per C70 in the encapsulation for the ~10,10! and ~11,11!
nanotubes ~solid circles!.
FIG. 2. Total energies of C60@(12,12) per unit cell for the vari-
ous radial positions of C60 in the ~12,12! nanotube. The energies are
measured from that of C60@(12,12) in which C60s are located at the
center of the nanotube.20541Å and the reaction energy DE is 20.91 eV per C60 . The
results indicate that C60 encapsulated in thick nanotubes are
located at about 6.5 Å off from the wall of nanotube to keep
the preferable interwall distance of about 3 Å. Furthermore,
the energy DE approaches not zero but a finite value of
about 20.4 eV. Recent TEM images indeed showed that
C60s are located near the wall of nanotubes rather than at the
center of the nanotube.30
C60@(10,10) has been reported21 to possess an interesting
electronic structure around the Fermi level as explained be-
low. In an isolated C60 , there are the fivefold degenerate
highest occupied hu state and the threefold degenerate lowest
unoccupied t1u state. In the C60 chain, both hu and t1u show
the dispersion of ;0.6 eV and become valence and conduc-
tion bands, respectively. The energy gap remains finite and is
about 1 eV. As for the (n ,n) nanotube, there are two energy
bands near Fermi energy, which cross «F at k.2p/3c of
Brillouin zone.2 Therefore, it may be expected in C60@(n ,n)
that the two bands originated from the nanotube cross «F and
are located in the gap of C60 . However, in C60@(10,10),
four bands cross the Fermi level and C60@(10,10) is a metal
with multicarriers each of which is distributed on either
nanotubes or the C60 chain.
Here we give quantitative studies on that unusual feature
of C60@(n ,n). Figure 3 shows the relative energy of the
bottom of the t1u-like state of C60@(n ,n) with respect to the
Fermi level energy of the empty (n ,n) nanotubes. It is found
that the energy shift of the t1u-like state of peapods depends
on the tube radius. For the ~9,9! tube, the interwall spacing is
insufficient to allow the t1u state of C60 to distribute in the
space so that t1u-like state shifts upwards and C60@(9,9)
does not exhibit the multicarrier character. On the other
hand, the t1u-like state of C60@(n ,n) for which the encap-
sulation reaction is exothermic emerges below EF of the
(n ,n) nanotubes so that the peapods exhibit the multicarrier
character. The shift for ~11,11! is larger than those for other
tubes. The shift gradually approaches zero with increasing
the tube radius. The result is a strong evidence that the hy-
bridization between the NFE states and the p states indeed
plays an important role to determine the electron states near
EF of the peapods.
FIG. 3. The t1u energy level ~Kohn-Sham level! as a function of
the tube radius in C60@(n ,n) in which C60s are located at the center
of the nanotube. In the optimum position, the t1u state is slightly
shifted upward compared to the case in which C60 is at the center.
The energy levels are measured from EF of the empty (n ,n) tubes.1-2
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C60@(11,11), ~b! C70@(11,11), and ~c!
C78@(11,11).The multicarrier characters of the C60 peapods imply elec-
tron transfer from the nanotube to C60 . Our previous work
clearly shows an interesting charge redistribution on the en-
capsulation process of C60 inside the ~10,10! nanotube.21 The
distribution of accumulated electrons corresponds to that of
the NFE state of the nanotubes and implies that the hybrid-
ization indeed takes place. It is important to give a quantita-
tive evaluation for the charge transfer on the system. We thus
calculate the core level shift (D) of the 1s state of a carbon
atom in the nanotubes. The shift corresponds to the total
energy difference between the neutral and the charged sys-
tems:
D5Ehole~C60@tube!2E~C60@tube!
2@Ehole~ tube!2E~ tube!# ,
where Ehole(C60@tube), E(C60@tube), Ehole(tube), and
E(tube) are total energies of the peapod with an 1s hole, the
neutral peapod, the tube with an 1s hole, and the neutral
tube, respectively. In the total energy calculations with the 1s
hole, we first generate pseudopotentials with the 1s hole,
place them at an atomic site in either peapods or nanotubes,
and perform the total-energy calculations. The calculated
values of D are 7 meV and 14 meV for C60@(10,10) and
C60@(11,11), respectively.
As indicated above, the electron states of the peapods near
EF are tunable by controlling the radius of the nanotubes. On
the other hand, it is also of interest how the electronic struc-
ture of the peapods depends on the encapsulated fullerenes.
Here, we calculate the electronic structures of the ~11,11!
nanotube containing C70 and C78 (C2v8 ) fullerenes for which
geometries have been already identified.31 The geometries of20541the C70 peapod and the C78 peapod are shown in Fig. 4. For
the C70 peapods, we calculate the reaction energy DE per C70
in the formation of encapsulated structures for the ~10,10!
and ~11,11! nanotubes ~Fig. 1!. In both cases, the reactions
are found to be exothermic and the calculated DE are
21.36 eV and 21.71 eV for the ~10,10! and ~11,11! nano-
tubes, respectively. Figure 5 shows the electronic structures
of C60@(11,11), C70@(11,11), and C78@(11,11). In an
isolated C70 molecule, there are the triply bunched highest
occupied ~HO! states and the triply bunched lowest unoccu-
pied ~LU! states. In the C70 chain, both HO and LU states
show the dispersion of about 0.6 eV and become valence and
conduction bands, respectively, with the band gap of about
1.6 eV. For C70@(11,11), it is found that only two linear
dispersion bands originated from the p and p* states of the
nanotube emerge at EF and the LU band of C70 is located
above EF by 0.04 meV. Thus, transport characteristics of the
system are different from that of the C60 peapods, and the
carriers are distributed only on the nanotube. In an isolated
C70 molecule, our LDA calculations show that the LU state is
higher in energy by 0.25 eV than the t1u state of a C60 mol-
ecule. The higher LU state of the C70 does not cause a mul-
ticarrier character even though there is a sufficient downward
shift of the p states due to the p-NFE hybridization. This
indicates that the electronic structure of the peapods depends
on the electron states of the encapsulated fullerenes. Further,
the peapods consisting of fullerenes whose LU state is lower
than the t1u state of C60 are expected to exhibit the multicar-
rier character.
We thus consider a major isomer of the C78 fullerene, i.e.,
C2v8 isomer,
31 of which the LU state is lower by 0.1 eV thanFIG. 5. Energy band structures and density of states of ~a! C60@(11,11), ~b! C70@(11,11), and ~c! C78@(11,11). For comparison, the
energy bands of ~d! empty ~11,11! nanotube, ~e! a C70 chain, and ~f! a C78 chain are also shown. Energies are measured from the Fermi level
energy EF .1-3
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ture of the C78 peapod exhibits the multicarrier character:
Three energy bands cross EF . One of the three states pos-
sessing relatively small dispersion corresponds to the lowest
conduction band of the C78 chain and the other two have
linear dispersion originated from the nanotube @Fig. 5~c!#.
Furthermore, the bottom of the conduction band of C78 in the
~11,11! nanotube is obviously lower than that of C60 in the
nanotube @Figs. 5~a! and 5~c!#.
Since the density of states ~DOS! elucidates the multicar-
rier character of the systems, we calculate the DOS of
C60@(11,11), C70@(11,11), and C78@(11,11) near EF .
For integration over the one-dimensional Brillouin zone, we
use 20 k points in the first Brillouin zone. The calculated
DOS of C78@(11,11) and C60@(11,11) clearly indicate the
multicarrier character in which we find considerably large
DOS at EF @N(EF)# . The estimated values of N(EF) are 8.1
states/eV/unit and 2.8 states/eV/unit for C78@(11,11) and
the C60@(11,11), respectively, which are considerably larger
than that in the empty carbon nanotubes.
In TEM images, fullerenes are occasionally dimerized in
nanotubes. In Fig. 5, the filling of energy bands near EF is
fractional and irrational. Hence, a simple Peierls-type metal-
insulator transition is unlikely. We thus expect that the mul-
ticarrier character may remain even in dimerized peapods.
Orientational disorder of fullerenes is also expected. Yet we
expect that the electron states of peapods may exhibit similar
characteristics to those reported here. This is because the
relative orientation, which may cause level splitting, plays a20541minor role in determining the center-of-mass position of the
elecrtron states considered. Positional disorder of fullerenes
may cause localization of electron states, although the rela-
tive position of electron states is determined by the electron
states of an individual fullerene and by the space in the
vicinity.
In summary, we have found that the electronic structure of
the peapods near the EF depends on the space between en-
capsulated fullerenes and the nanotube. The hybridization
between the NFE states of the nanotubes and the p electron
states of the fullerenes causes the downward shift of not only
LU state but also HO state of the fullerenes. Furthermore, we
have also demonstrated that the electron states of peapods
reflect those of the encapsulated fullerenes. Thus, the results
give the possibility of the Fermi level engineering of the
peapods by controlling the space in the tube and the species
of the encapsulated fullerenes.
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